A phylogenetic analysis of VP1 and VP4 nucleotide sequences of 52 recent CVA16 strains demonstrated two distinct CVA16 genogroups, A and B, with the prototype strain being the only member of genogroup A. CVA16 G-10, the prototype strain, showed a nucleotide difference of 27.7-30.2% and 19.9-25.2% in VP1 and VP4, respectively, in relation to other CVA16 strains, which formed two separate lineages in genogroup B with nucleotide variation of less than 13.4% and less than 16.3% in VP1 and VP4, respectively. Lineage 1 strains circulating before 2000 were later displaced by lineage 2 strains.
Summary
A phylogenetic analysis of VP1 and VP4 nucleotide sequences of 52 recent CVA16 strains demonstrated two distinct CVA16 genogroups, A and B, with the prototype strain being the only member of genogroup A. CVA16 G-10, the prototype strain, showed a nucleotide difference of 27.7-30.2% and 19.9-25.2% in VP1 and VP4, respectively, in relation to other CVA16 strains, which formed two separate lineages in genogroup B with nucleotide variation of less than 13.4% and less than 16 .3% in VP1 and VP4, respectively. Lineage 1 strains circulating before 2000 were later displaced by lineage 2 strains.
has been described in Malaysia, Taiwan, and China [17, 8, 9] . Although both viruses appear to co-circulate temporally and geographically, recent HFMD outbreaks in the Asia-Pacific region associated with neurological complications and a large number of fatalities have been attributed largely to HEV71 [8, 9, 4] . In contrast, CVA16-associated HFMD has a milder outcome, with much lower incidence of complications [5] .
Phylogenetic clustering based on the VP1 (891 bp) genome region of HEV71 has been used to describe different genotypes of the virus [18, 3, 11, 2] . Previous research has shown a strong correlation between serotype identity and VP1 sequences of human enteroviruses [12] , and as such, VP1 nucleotide sequences have proven useful in describing different genogroups of HEV71 strains. Such classifications have proven useful in tracking HEV71-associated HFMD genotypes over different temporal and geographical outbreaks [3] . A study by Cardosa et al. also showed that the much smaller VP4 gene (207 bp) could be used to quickly identify HEV71 genogroups during an outbreak, and these genogroups were verified by phylogenetic analysis of the VP1 gene as well [3] . Recently, an attempt to classify CVA16 strains was reported [8] using VP4-based phylogenetic clusterings of several Chinese CVA16 sequences and GenBank deposits. The authors showed three different major clusters that they called lineages A, B, and C. A corresponding analysis based on VP1 was hampered due to the lack of VP1 sequences available in GenBank.
The aim of this study was to present comparative phylogenetic analyses of both VP1 and VP4 nucleotide sequences of recent CVA16 strains and to determine their relationships to nucleotide sequences of earlier strains published in GenBank for which only VP4 sequences were available. To do this, we determined the VP1 and VP4 nucleotide sequences of 52 CVA16 strains isolated between 1997 and 2006 from 5 different countries. The phylogenetic relationships of both VP1 and VP4 nucleotide sequences generated in this study and others obtained from GenBank were determined. Our study showed that CVA16 strains fall into two genetic clusters that we have called genogroups A and B.
All CVA16 strains characterised in this study were isolated from stool, throat, vesicle or oral swabs of HFMD patients. These viruses were from different geographical locations and include isolates from Malaysia (Peninsular Malaysia as well as the state of Sarawak on the island of Borneo), South Vietnam, Western Australia, Saudi Arabia and Thailand (Table 1) . Viruses were propagated in rhabdomyosarcoma (RD) or Vero cells using conventional cell culture methods. Extraction of total RNA from supernatant of infected cell cultures were performed using either the TRI REAGENTS-LS (Molecular Research Centre Inc.) or High Pure Viral Nucleic Acid Kit (Roche) according to the manufacturer's instructions. RNA was extracted from 200-ml supernatants of infected cell cultures. RT-PCR of the VP4 gene was performed as previously described [7] . The complete VP1 gene was amplified by RT-PCR using the sense primer 051 (5 0 -TSAARYTGT GCAARGACAC-3 0 ) and antisense primer 011 (5 0 -GCICCIGAYTGITGICCRAA-3 0 ) [12] . All PCR products were examined by gel electrophoresis and gel-purified using the GENECLEAN III kit (Q-BIOgene). VP4 and VP1 amplicons were sequenced in both directions using the respective PCR primer sets that generated these products. Additionally, two internal sequencing primers, CA16_intR (5 0 -GCCCCTGGCGGGACATACAT-3 0 ) and CA16_intF (5 0 -TGTGTGTTGAACCATCACT CCAC-3 0 ) were used to generate complete nucleotide sequences of VP1. Both of these primers were designed based on the VP1 nucleotide sequence of the prototype G-10 strain (GenBank accession, U05876) and are located at nucleotide positions 2924-2905 and 2647-2669, respectively, of the prototype genome. Sequencing was carried out using the Big Dye Cycle Sequencing kit version 3.0 (Applied Biosystems) and performed using the ABI377 automated DNA sequencer (Applied Biosystems).
Nucleotide sequences of VP4 and VP1 generated in this study and others obtained from GenBank (Table 1) were aligned separately using the ClustalX software [19] . Phylogenetic analysis was performed using the neighbor-joining method in the PHYLIP package (version 3.6), and the reliability of the trees was tested using bootstrap analysis of 1000 1202 D. Perera et al. pseudo replicate data sets [6] . Trees were drawn using the TREEVIEW program [14] . Genogroups were described in a similar way to that originally used to describe HEV71 [2] . A difference of at least 15% in the VP1 gene was used to distinguish genogroups. All VP4 and VP1 sequences determined in this study have been given accession numbers AM292485 to AM292536 and AM292433 to AM292484, respectively. Detailed information for accession numbers of each CVA16 strain is provided in Table 1 .
Nucleotide sequences of both VP4 and VP1 genes obtained in this study and others obtained from GenBank were aligned separately, and phylogenetic trees were constructed (Fig. 1) . VP1 sequences were used to describe the phylogenetic relation- ship between CVA16 strains by defining different genogroups of these viruses. Based on the nucleotide alignment and phylogenetic analysis of VP1 sequences, the VP1 tree showed that the G-10 prototype strain clustered separately from all other CVA16 strains analysed in this study. The G-10 strain differed from other strains by 27.7-30.2%. As such, the prototype G-10 strain was designated Fig. 1 . Phylogenetic trees based on the VP1 and VP4 nucleotide sequences of CVA16. Both the VP4 (left) and VP1 (right) distance trees were rooted with the prototype HEV71 strain, BrCr (GenBank accession: U22521). To save space, the root was edited from both tree figures. CVA16 strains are labeled using the following convention: ''isolate name''=''country of origin''=''year of isolation''. Details of each strain can be found in Table 1 . Genogroups (A and B) are indicated to the right of each tree and bootstrap values (% of 1000 pseudoreplicates) shown at the nodes of major clades. The scale at the bottom indicates a measurement of relative phylogenetic distance CVA16 phylogenyas the sole member of genogroup A. The genetic variation between all other CVA16 strains was fewer than 13.4% nucleotide differences. Based on this, all other CVA16 strains were assigned as members of genogroup B. Viruses in genogroup B form two separate clusters in the phylogenetic tree with bootstrap support of >99% (Fig. 1) . We have named these clusters lineages 1 and 2 (Fig. 1) . Sequences generated in this study were used to anchor both the VP1 and VP4 trees to allow the description of phylogenetic relationships of recent CVA16 strains to older strains for which only VP4 nucleotide sequences were available. Based on the alignment of VP4 nucleotide sequences and the VP4 tree (Fig. 1) , the prototype G-10 strain was also the only member of genogroup A with between 19.9 and 25.2% nucleotide differences to other CVA16 strains. A single strain, 21=JPN=95, differed from the prototype strain by 20.6% and from all other CVA16 strains by 16.5-22.9%. Close relatives of this strain have not been found among sequenced strains and may represent an emerging genogroup. All other CVA16 strains formed genogroup B, with genetic variation of VP4 nucleotide sequences between 0 and 16.3%. Similar to the VP1 tree, genogroup B viruses formed two separate lineages in the VP4 tree with bootstrap support of >79% (Fig. 1) .
Based on the analysis of VP1 and VP4 nucleotide sequences generated in this study, CVA16 strains appear to be monophyletic in both of these genome regions. This is apparent in that strains that cluster together in the VP1 phylogenetic tree also cluster together in the VP4 tree. For example, genogroup B strains S10432=SAR=98, shzh99-48= CHN=00 and SB1660=SAR=00 in lineage 1 and strains UM16809=MAL=00, 576T=VNM=05, and 001=AUS=99 in lineage 2 cluster together in both the VP1 and VP4 trees. In view of this observation, a more comprehensive epidemiological history of CVA16 strains can be inferred from both the VP1 and VP4 phylogenetic trees. The prototype South African strain, G-10, isolated in 1951, is the only member of genogroup A. This virus has not appeared in the sequence databases since it was first described. Viruses in genogroup B separate into two separate lineages (1 and 2) with Japanese strains isolated in the late 70s and early 80s (Aichi=JPN=84, 4057=JPN=81, 1547=JPN=91) and strains from China, Malaysia, Taiwan and Japan isolated in the 90s and in 2000 forming one lineage and the majority of CVA16 strains isolated recently forming the second lineage. Lineage 1 strains were last isolated in 2000 in China and Malaysia. These strains appear to have given way to lineage 2 strains that appear to be the dominant circulating strain isolated from 2000 onwards in the region sampled in this study. Viruses in this group (lineage 2) are also widely distributed, with strains isolated in Europe (e.g. Epsom-15290=UK=99, Pool-46=SCOT=01), the Middle East (e.g. 2055=SA=01, 5338=SA=03), Asia (e.g. S33072=SAR=01, TS1-2000=THAI=00, EV4-5-HUKM=MAL=02) and Western Australia (e.g. 001=AUS=99, 0033=AUS=05).
In recent years, large outbreaks of HEV71-associated HFMD in the Asia-Pacific region [10, 3, 17] , often coupled with severe clinical manifestations, have drawn a lot of attention to this virus. This increased interest in HEV71 strains associated with these outbreaks has generated a lot of viral sequence data that has been used to describe different circulating genotypes of the virus [10, 3, 11, 2] . In contrast, CVA16 appears to have drawn very little interest, probably due to its association with often mild and benign clinical symptoms. As such, very little sequence data has been made available for CVA16 strains, although it has been observed that both HEV71 and CVA16 often co-circulate during HFMD outbreaks [17, 8, 9] . In this study, we have attempted to provide a phylogenetic description of CVA16 strains in line with that available for HEV71. A total of 52 CVA16 strains isolated from five different geographical locations and spread over a ten-year period from 1997 to 2006 were examined. We have improved on a similar study done by Li et al. [8] by including an analysis of the VP1 gene together with VP4. Based on analysis of VP1 sequences, we have shown that CVA16 strains cluster into two distinct genogroups, A and B (Fig. 1) . Our study adds to this earlier work and suggests that CVA16 strains belonging to lineages B and C described by Li et al. (based on VP4 nucleotide sequences) actually constitute a single genogroup, which we have described here as genogroup B.
Lineage B and C viruses in the Li study represent lineage 1 and 2 viruses, respectively, in genogroup B as determined in this study using complete VP1 sequences. These results suggest that while it may be faster to analyse the VP4 gene due to its smaller size, a more accurate description of different genotypes should be determined from the VP1 gene.
Our analysis of recent CVA16 strains suggests that although these viruses are geographically broadly dispersed, genetically, the virus has undergone far fewer changes when compared to HEV71. Unlike HEV71 strains that have evolved (since the 1970s) into two co-circulating genogroups (B and C) with several genetically distinct sub-genogroups [10, 18, 3, 11, 2] , the evolution of CVA16 strains over the same timeframe has been less remarkable. Similar to HEV71, the prototype CVA16 strain appears to have given way to more modern strains that are genetically distinct. All CVA16 strains isolated since then appear to be from a single genogroup. Of these, CVA16 strains that began to circulate from 1970 to 2000 were later displaced by strains that started to emerge in the mid-90s to become the dominant circulating genotype from 2000 onwards.
In addition to being used to describe CVA16 strains, VP1 nucleotide sequences generated in this study may be useful for other purposes, such as in detection methods for CVA16. Several different RT-PCR methods that target the VP1 gene for CVA16 detection have been published [13, 1, 21] . Some of these methods have been designed as tools to differentiate between HEV71 and CVA16 strains [1, 21] during HFMD outbreaks. Primer design for these methods has mostly been dependent on limited CVA16 nucleotide sequence data available in GenBank. The lack of available CVA16 nucleotide sequences, particularly for RT-PCR primer design, has led to a least one report of HEV71-specific primers losing specificity when tested on Asian CVA16 strains [16] . As such, we hope that by contributing CVA16 VP1 sequences of strains from diverse geographical locations generated in this study, these methods can be further improved or newer methods developed to better detect different genogroup strains of CVA16.
